The BLOODHOUND SSC project was publicly announced in October 2008, with a primary engineering objective of designing, constructing and running a vehicle capable of achieving a speed of 1000 mph on land. The aerodynamic design of this vehicle is to be accomplished using computational simulation only and this paper describes the development and application of the approach adopted. The computational model employs a cell vertex finite volume algorithm for the solution of compressible viscous flow problems on unstructured hybrid meshes. A one equation turbulence model is adopted and the solution of the steady flow equations is obtained by explicit relaxation. For the combination of high Mach number, complex geometry and complex boundary conditions, involving rotating surfaces and a rolling ground, a consistent HLLC numerical flux function is adopted to ensure a stable procedure. To illustrate the impact of the approach upon the final configuration, a number of simulations undertaken to aid the aerodynamic design are described.
I. INTRODUCTION
The World Land Speed Record was first set at a modest 39 mph at Achères in France in 1898. The Record has been broken around sixty times and the current (supersonic) Record of 763.035 mph was set by Andy Green in THRUST SSC at the Black Rock Desert, Nevada in 1997. A significant feature of the THRUST SSC project was the manner in which computational fluid dynamics was applied to guide the aerodynamic design process [1, 2] .
The BLOODHOUND SSC project was publicly announced in October 2008 and involves the development of a vehicle which will attempt to take the World Land Speed Record to 1000 mph. Again, it has been decided that computational fluid dynamics will be used to guide the aerodynamic design of the vehicle. The computational approach that has been adopted will be outlined in this article and consists of a finite volume method [3, 4] for simulating turbulent high speed compressible flows on hybrid unstructured meshes. Boundary layer regions are discretized using stretched prisms and pyramids formed from merging tetrahedra generated by an advancing layers method [5] . Outside the boundary layers, isotropic tetrahedral elements are generated [6] . The result is a hybrid mesh approach that enables the efficient meshing of complex configurations. Stabilization of the equation system [7] is achieved by using a consistent HLLC flux function [8, 9] , to enable the simulation of the moving vehicle, and methods for modeling high speed rotating wheels and rolling surfaces are implemented. The stabilized equation system is solved by explicit iteration, with the computational performance enhanced by means of effective parallelization [10] .
The initial concept for the BLOODHOUND vehicle is shown in Fig. 1 . The vehicle body is long and slender with two widely spaced rear wheels outboard of the main body providing roll stability. The vehicle thrust is provided by a turbofan jet engine, shown in green, and a hybrid rocket, shown in red, which are capable of delivering 90 and 120 kN of thrust, respectively. The impact of the use of the computational techniques during the design evolution of the BLOOD-HOUND SSC is illustrated by considering the aerodynamic behavior of the front wheels of the vehicle and their configuration relative to the nose.
II. PROBLEM FORMULATION
Relative to a cartesian Ox 1 x 2 x 3 coordinate system, the steady state compressible Favre-averaged Navier Stokes equations [11] governing airflow over a moving vehicle are expressed in the integral form
where denotes the closed surface bounding a three dimensional domain and the summation convention has been adopted. The unknown vector U is defined by
and the inviscid and viscous flux vectors are given as
respectively. The unit outward normal vector to is n = (n 1 , n 2 , n 3 ) and δ kj denotes the Kronecker delta. In these equations, is the averaged fluid density, u i is the component of the averaged fluid velocity in the direction x i , p is the averaged fluid pressure and is the averaged specific total energy of the fluid. The averaged deviatoric stress tensor is defined by
and the averaged heat flux is
Here, µ denotes the sum of the laminar and turbulent viscosities, k is the sum of the laminar and turbulent thermal conductivities and T is the averaged absolute temperature. The air is assumed to be calorically perfect and the averaged state equations
are employed, where R is the gas constant, c v = c p − R is the specific heat at constant volume, c p is the specific heat at constant pressure and c p /c v = 1.4. The laminar and turbulent Prandtl numbers are assumed to be constant. The laminar viscosity varies with temperature according to Sutherland's law [12] . The variation of the kinematic turbulent viscosity is obtained from the one-equation turbulence model of Spalart and Allmaras [13] .
III. DOMAIN DISCRETIZATION
For any practical aerodynamic simulation, a CAD system is normally employed to provide the definition of the boundary geometry. The definition obtained in this way frequently requires treatment, to produce a watertight surface description that is suitable for the processes of surface and displayed in this figure are a number of velocity-colored stream ribbons. Note the high pressure field above the driver's canopy, as a result of the twin-shock system formed upstream of the intake duct, the significant compression as the flow is decelerated within the intake duct and the shock system formed by the rear wheels causing a high pressure field on the top of the suspension strut. It is the presence of this large planform strut that generates the significant down force at the rear of the vehicle that is necessary to stop the vehicle from lifting off the desert surface at high speed.
VI. CONCLUSIONS
A fully viscous finite volume procedure, using the HLLC convective flux function and the Spalart-Allmaras turbulence model, on unstructured hybrid meshes has been employed to study the aerodynamic behavior of a supersonic Land Speed Record vehicle with rotating wheels and rolling ground. Local flow simulations, focusing on such aspects as the front wheel configuration, combined with full vehicle simulations have guided the aerodynamic design process of the BLOODHOUND supersonic car. At the time of writing (January 2010), the design phase of the vehicle is reaching its conclusion and the project is moving into the vehicle build phase.
